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FOREWORD 
Th i s  r e p o r t  d e s c r i b e s  a two-dimensional hydrodynamic model, t h e  so-
c a l l e d  I l l i n o i s  Hydrodynamic Watershed Model III (IHW Model III), t o  s imu l a t e  
wate rshed  f l ow  by t r e a t i n g  t h e  s u r f a c e  runof f  on a wate rshed  of s imple  geometry.  
Th i s  model i s  formula ted  by a hydrodynamic system r ep r e s en t ed  by q u a s i l i n e a r  
p a r t i a l  d i f f e r e n t i a l  equa t i ons  f o r  two f l ow-ve loc i t y  components and a f l ow  
depth  a t  any p o i n t  on t h e  wate rshed ,  
S o l u t i o n  of t h e  formula ted  model i s  made p o s s i b l e  on computer by 
adop t ing  a new d i f f e r e n c e  scheme f o r  t h e  numer ica l  a n a l y s i s  based on a combina-
t i o n  of Lax-Wendroff scheme w i t h  Burste in-Lapidus mod i f i c a t i s n s ,  
A numer ica l  example i s  g iven  f o r  t h e  s o l u t i o n  of wate rshed  f low 
r e s u l t e d  from a uniform r a i n f a l l  i n t e n s i t y  w i t h  f i n i t e  du r a t i on .  The r e s u l t s  
f o r  t h i s  example a r e  t e s t e d  expe r imen ta l l y  i n  t h e  Un i v e r s i t y  of I l l i n o i s  
Watershed Exper imenta t ion  System Labora tory .  They i n d i c a t e  t h a t  the  proposed 
two-dimensional hydrodynamic model i s  s u i t a b l e  f o r  t h e  s t udy  of t h e  wate rshed  
f low under  c on s i d e r a t i on .  
The a r e a  of two-dimensional hydrodynamic modeling of f r e e - s u r f a c e  
f low on wate rsheds  h a s  been p r a c t i c a l l y  unexplored.  Th i s  s t udy  demons t ra tes  
such  a f e a s i b i l i t y  a l though  admi t t ed ly  l im i t e d  i n  scope  because  of t h e  s imp l e  
geometry of  t h e  wate rshed ,  t h e  exc lu s ion  of s ub su r f a c e  f low and i n f i l t r a t i o n  
which a r e  sugges ted  f o r  a s e p a r a t e  t r ea tmen t  and t h e n  combining them w i t h  the 
proposed sur face- f low model, and o t h e r  assumptions.  It is  hoped t h a t  t h i s  
s t udy  w i l l  s t im u l a t e  t h e  i n t e r e s t  of many h y d r a u l i c i a n s  and t hu s  mark t h e  
beg inn ing  of more comprehensive i n v e s t i g a t i o n s .  The r e p o r t  p r e s e n t s  a summary 
of ad~lancedcgncepts with t he i r  a p p l i c a t i o n  t o  a complex problem. Hence, 
s e v e r a l  academic d i s c i p l i n e s  might b e  i n t e r e s t e d  i n  t h e  approach used. 
The IHW Model I11 i s  a p a r t i a l  r e s u l t  o f  a con t inu ing  r e s e a r ch  
d i r e c t e d  by Ven Te Chow a t  t h e  Un i v e r s i t y  of I l l i n o i s .  Other  hydrodynamic 
wate rshed  models produced by t h i s  r e s e a r c h  i n c l ude  t h e  I l l i n o i s  Hydrodynamic 
Watershed Model I (IHW Model I )  and IHW Model 11. The IKW Model I is  a 
c rude  model u s ing  one-dimensional hydrodynamic e qua t i on s  developed i n  t h e  
e a r l y  s t a g e  of t h i s  r e s e a r ch .  This  model ha s  now been superseded by IHW 
Model I1 w i t h  a much more comprehensive s o l u t i o n  of t h e  one-dimensional 
hydrodynamic equa t i ons .  For a p r a c t i c a l  a p p l i c a t i o n  of t h i s  one-dimensional 
L,-A,,A,,,,,, model ,  an IHW Model IV is in t h e  process  of development.L ~ U L V U ~ L L ~ ~ ~ L ; C  
The o v e r a l l  r e s e a r ch  program on wate rshed  hydrodynamics has  been  
suppor t ed  s i n c e  1963 by t h e  Na t i ona l  Sc ience  Foundat ion w i t h  t h r e e  g r an t s :  
NSF-GP-1464, NSF-GK-1155, and NSF-GK-11292. The main purpose of t h e  r e s e a r c h  
i s  t o  i n v e s t i g a t e  t h e  b a s i c  mechanics of f low of s u r f a c e  wate r  on a r t i f i c i a l  
d r a i n age  b a s i n s  by c o n t r o l l e d  exper iments  and hydrodynamic a n a l y s i s .  %or  the 
e n t i r e  con t inu ing  r e s e a r ch  p r o j e c t ,  t h e  NSF g r a n t s  have suppor ted  t h e  work of 
many g r adua t e  and undergradua te  s t u d e n t s ,  a s  w e l l  as s e v e r a l  f a c u l t y  members 
and t e c h n i c i a n s .  The e f f o r t s  and con t r i bu t i on s  of t h e s e  people  t o  t h e  s u c c e s s  
of t h e  r e s e a r c h  must be  h e a r t i l y  acknowledged. For  t h e  r e s e a r c h ,  four  d o c t o r a l  
t h e s e s  have  been completed and many'papers and r e p o r t s  were publ i shed .  The 
p r o j e c t  h a s  been approved by t h e  U. S. Nat iona l  Committee f o r  t h e  I n t e r n a t i o n a l  
Hydro log i ca l  Decade a s  a Uni ted S t a t e s  c o n t r i b u t i o n  t o  t h e  Decade. The s t u d y  
d e s c r i b ed  i n  t h i s  r e p o r t  i s  suppor ted  by t h e  g r a n t  NSF-GK-11292. Numerical 
c a l c u l a t i o n s  i n  t h i s  s t udy  were  performed on t h e  Un i v e r s i t y  of I l l i n o i s  I B M  
360-50175 computing f a c i l i t i e s  and p a r t i a l l y  suppor t ed  by t h e  Un ive r s i t y  o f  
I l l i n o i s  Research Board. 
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I. INTRODUCTION 

The flow of s u r f a c e  runoff  on a watershed,  def ined  herewi th  as  water-  
shed flow, has been modeled hydrodynamically f o r  cases  of overland f low 
and one-space-dimensional flow, bu t ,  w i th in  t h e  au thor s '  knowledge, i t s  
t r ea tmen t  as a two-space-dimensional flow has never  been attempted perhaps 
due t o  i t s  mathematical d i f f i c u l t y ,  The most popular  hydrodynamic model 
f o r  overland flow is based on t h e  kinematic-wave theory ,  such as  those  
proposed by Lighthi Z Z  and Whithan [1955], Iwagaki [1955] , and Henderson 
and Wooding [1964]. Other models of overland flow, such as those proposed 
by Brakensiek, Heath, and Comer 119661 and Yu and MciiTmn [ 1 9 6 4 ] ,  were 
de r ived  from momentum equat ions  wi th  var ious  jud ic ious  assumptions. Fo r  
one-dimensional watershed f lows,  Wooding 11965 a ,b ;  19661 ha s  derived a 
hyd r au l i c  model us ing  kinematic-wave theory.  men  and Chow [1971] have 
formulated a one-dimensional mathematical model based on t h e  equat ions of 
c on t i n u i t y  and momentum f o r  f low of incompressible  Newtionian f l u i d ,  
* 
Thee r e t i c a l l y ,  a two-di-mensional hydrodynamic model o f  watershed f low 
can be  formulated by t h e  equat ions  of con t i nu i t y  and momentum, but i ts  
> .. 
so l u t , i on  becomes mathematical ly i n t r i c a t e .  The main o b j e c t i v e  of t h i s  
s tudy  i s  t o  de r ive  such a model and then t o  develop a computer s o l u t i o n  of 
t h e  model. Formulation of t h i s  hydrodynamic model may he l p  b e t t e r  under- 
s t and  t h e  mechanics of water  movement over t h e  watershed under the  e f f e c t s  
of s i g n i f i c a n t  parameters which con t ro l  t h e  input-output  r e l a t i on sh i p  of 
r a i n f a l l  and runoff .  It may thus  c r e a t e  a n a l y t i c a l  t o o l s  f o r  p r a c t i c a l  
hydro log ic  designs.  For example, a one-dimensional model based on t h e  
kinematic-wave theory has  been appl ied  t o  t h e  ana l y s i s  of urban and 
a i r f i e l d  drainage problems [Eagleson, 19681. For complicated watershed 
problems, a modif ica t ion  of the one-dimensional model was used f o r  t h e  
s t u d y  of f l o o d s  i n  the Mekong Delta [Zanobetti, Lorgere', Preissmann, and 
kinge, 19701 . The two-dimensional  model  d e s c r i b e d  i n  this s t u d y  may be 
e x t e nd ed  t o  s e r v e  s imilar  p u r po s e s .  
11. THE TWO-DIMENSIONAL HYDRODYNAMIC PIODEL 

To describe the watershed flow by a two-dimensional hydrodynamic 

model, the depth and velocity of flow at any point in the watershed at 

any time are expressed by their average values, and the pressure is 

assumed hydrostatic while the dynamic pressure caused by the rainfall 

impact is considered as a hydrostatic increment. The hydrodynamic model 

so formulated will consist of a system of quasilinear partial differen- 

tial equations for two velocity components and a flow depth at any point 

on the watershed. 

The physical configuration of the watershed model is shown in 

Figure 1. It consists of two equal-sized impervious rectangular plane 

surfaces to accommodate overland flows, which intersect to form a trough 

as the main channel to collect the overland flows. With reference to a 

representative elementary control volume of the overland flow in a fixed 

Cartesian coordinate system as shown in the figure, the equation of 

continuity for the flow bf incompressible Newtonian fluid is 

where u = u(x,y,z,t) , v = v(x,y, z,t), and w = w(x,y, z , t) are the veloc- 
ity components in the directions of the x-, y-, and z-axes, respectively. 
~h~ Y-axis. zsa --- to the watershed surface vhizh I s  defined as a - l n - -LLVLrrial p J - a L L C  
in the x and z coordinates. 
The kinematic boundary condition at the free surface of the flow, 

Y = Y(x,z,~), is 

where I i s  the  r a i n f a l l  i n t e n s i t y ,  0 i s  the  watershed s lope  angle i n  the  
d i r e c t i o n  of the  main channel,  and (I i s  the  watershed s lope  angle i n  a 
d i r e c t i o n  perpendicular t o  the  main channel. Assuming zero i n f i l t r a -
t i o n  r a t e  a t  the  ground, the  kinematic boundary condit ion a t  the water- 
shed su r face ,  y = 0, i s  
Using the  above boundary condit ions ( 2 )  and ( 3 ) ,  and evaluating each 
term by the  Leibnitz r u l e  of d i f f e r e n t i a t i o n  under i t s  i n t e g r a l  s ign,  
Eq .  (1) i s  in tegra ted  wi th  respec t  t o  y  from 0 t o  y ,  y ie ld ing  
It should be noted t h a t  u and w now represent  the  average ve loc i ty  compo- 
nents  i n  the  d i rec t ions  of t h e  x- and z-axes, r e spec t ive ly .  
The Wavier-Stokes equations f o r  flow of incompressible Newtonian' 
f l u i d  i n  the  g r av i t a t i ona l  f i e l d  a r e  
0 
where p i s  t h e  pressure ,  g i s  the  g r av i t a t i ona l  acce le ra t ion ,  p i s  the  
mass dens i ty  of f l u i d ,  v i s  the  kinematic v i s co s i t y  of f l u i d ,  and 0
x 9  y 

and e z a r e  the  angles of i n c l i n a t i o n  t h a t  the  g r av i t a t i ona l  fo rce  makes 
with the  x-, y-, and z-axes, r e spec t ive ly .  
The kinematic condit ions a t  the  f r e e  su r face  and a t  the watershed 
su r f ace  a r e  respect ively  given by Eqs . ( 2 )  and (3) . The dynamic condi-
t i o n  a t  t h e  water surface ,  neglect ing i n s i gn i f i c an t  surface  tens ion,  i s  
equal  t o  p(x,y,z, t)=O. A t  t he  watershed surface  t h i s  depends on the flow 
condi t ion .  
In tegra t ing  Eqs. (5), ( 6 )  and (7) with respec t  t o  y ,  using the 
Le ibn i t z  r u l e  of d i f f e r e n t i a t i o n  under the  i n t e g r a l  s igns  and the  corre-
sponding boundary condit ions a t  the  water and watershed su r faces  as 
described above, y ie lds  respec t ive ly  the  following equations:  
m 
p (x ,O , z , t )  = pgy C O S ~Y + p I V  C O S ~Y 
where V i s  the  mean terminal  ve loc i ty  of r a i n f a l l  which i s  assumed ver-  
t i c a l ,  h '  is  the  overpressure head due t o  raindrop impact which is assumed 
t o  be uniformly d i s t r i bu t ed  over the  depth of flow except a t  the water  
su r f ace  where i t  i s  n i l ,  and T and T a r e  boundary shears  i n  the  d i rec -  
X z 
t i on s  of the  x- and z-axes respec t ive ly .  It should be noted tha t  u and w 
now represen t  the  average ve loc i ty  components i n  the  d i r e c t i ons  of t h e  x-
and z-axes, respect ively .  
The two-dimensional model considers t he  curv i l inea r  nature  of t h e  
s t reamlines  on the watershed su r face ,  while the  t h i r d  dimension, o r  t h e  
depth of flow, i s  taken a s  t he  dependent v a r i a b l e .  The hydrodynamic equa- 
t i o n s  of motion f o r  the  model a r e  Eqs. ( 4 ) ,  (8) and ( l o ) ,  which may be  
r ewr i t t en  a s  follows: 
where f  i s  a res i s t ance  coe f f i c i en t  of the  flow and f '  i s  an apparent 
r e s i s t a n c e  coef f i c ien t  due t o  overpressure and other  impeding e f f ec t s  
of the raindrop impac t .  
I n  o r d e r  t o  s imp l i f y  t h e  format  of t h e  model, t h e  above equa t ions  
may b e  normalized.  Normalizat ion w i l l  make t h e  model amenable t o  numer- 
i c a l  a n a l y s i s ,  reduce t h e  q u a n t i t i e s  t o  d imens ionless ,  and r e v e a l  t h e  
c h a r a c t e r i s t i c  parameters  t h a t  govern t h e  f low.  For  no rma l i za t i on ,  t h e  
watershed  l e n g t h  L  and t h e  c r i t i c a l  f low cond i t i on  of t h e  equ i l i b r ium 
ou t f low a r e  chosen as the r ,o rmal iz ing  f a c t o r s .  The equ i l i b r i um  outf low 
Q D  i s  t h e  maximum outf low when a cons t an t  r a i n f a l l  i n p u t  t o  t h e  watershed 
l a s t s  i n d e f i n i t e l y .  Thus, 
where Ia i s  t h e  average rainfall i n t e n s i t y ,  B i s  t h e  watershed width a s  
shown i n  F igu re  1, b i s  t h e  mean wid th  of t h e  o u t l e t ,  and y  and uc a r e  
C 

r e s p e c t i v e l y  t h e  c r i t i c a l  dep th  and the c r i t i c a l  v e l o c i t y  of t h e  equ i l i b -  
rium out f low when t h e  l a t t e r  i s  taken a s  t he  d i s cha rge  of a c r i t i c a l  f l ow  
a t  t h e  o u t l e t .  By the d e f i n i t i o n  of c r i t i c a l  f low g iven  by Chow [1959],  
and 
* .  * * * * 
NOW, l e t  y  = y /yc5  u  = u/uC,  w = w/uC, x = X/L, z = Z / L ,  
* * * 
= t u c / ~ ,  I and V= I T, ~ 0 5 0C O S $ / U ~ ~ ~ ~= V s i n e / u c l  where t he  star 
supe r s c r i p t  denotes t he  normalized quan t i t i e s .  Subs t i tu t ing  these nor- 
malized dimensionless quan t i t i e s  i n  Eqs. ( 4 ) ,  ( l l ) ,  and (12), and dropping 
t he  s t a r  supe r s c r i p t ,  the  normalized equations of the  model become 
W 
hed 
ib-

low 
where q = uy, p = wy, Pl = 71 cos$, P2  = L tan8/yc 9  ' 3  = P2P5 9 p4  = L/8yC3 
and P = sin+/sln6.5 * 
The c h a r a c t e r i s t i c  parameters t h a t  govern the  flow can be i d en t i f i e d  
a s :  t I cose c o s $ / ~ ;B /L ;  b/B; Ia(cose) 0 , 5c o s $ / G ;  t an@;  s in$ / s in8 ;  
r z  
V tan0/1 cos+; f ;  and f ' ;  where t i s  the dura t ion of r a i n f a l l  and V 
a a r a 
i s  t h e  average raindrop ve loc i t y .  The f i r s t  parameter i s  a  r a in fa l l -dep th  
parameter which s e t s  a time l i m i t  on one term when i n t eg r a t i ng  each equation.  
The second parameter B/L i s  a shape parameter which s e t s  a l i m i t  when i n t e -  
g r a t i ng  along z .  These two parameters determine the normalized volume of 
r a i n f a l l  and a r e  not expressed e xp l i c i t l y  i n  t h e  d i f f e r e n t i a l  equation. Since 
L i s  a  normalizing f a c t o r ,  the  l i m i t  on x is automat ica l ly  f ixed .  The t h i r d  
0.5 
parameter  b / ~  i s a  measure of t h e  r e l a t i v e  ou t f l ow  wid th  a s  an  ind ica-  
t i o n  of  w a t e r  s t o r a g e  a t  t h e  o u t l e t .  The f o u r t h  parameter  I (cos8)
a 

c o s + / G  i s  a  watershed Froude number which measures  t h e  mass i npu t  f l u x  
a g a i n s t  t h e  growth r a t e  of t h e  t o t a l  wa t e r  s t o r a g e .  The f i f t h  parameter  
t an+  r e p r e s e n t s  t h e  d r i v i n g  f o r c e  due t o  g r a v i t y .  The s i x t h  parameter 
s i n $ / s i n 8  i s  a s l o p e  r a t i o  t h a t  governs  t h e  p a t t e r n  of t h e  s t r e am l i n e s  
of f l ow .  The seventh  parameter  V tan6/1 cos$ i s  a r a i nd r op  parameter 
a  a  
t h a t  measures the c o n t r i b u t i o n  o f  r a ind rop  momentum t o  t h e  f lowing  
wa t e r .  L a s t l y ,  t h e  s u r f a c e  roughness i s  exp re s sed  by f  and f '  which 
a l s o  depend on l o c a l  f low cond i t i on s .  
The format  of t h e  normal ized  equa t i ons  ( 16 ) ,  ( 1 7 ) ,  and (18) f o r  t h e  
wate rshed  f l ow  model can be  f u r t h e r  s imp l i f i e d  by exp re s s ing  them i n  a 
v e c t o r  form a s  fo l l ows :  
where 
H = {I; P2y - P4(f  4- f y ) q ( q2 f p 2 ) o.5y-2 + V I ;  
The nature of Eq. (19) may be examined by the following two matrices: 

and a - all beingwhere a1 - ~ Y a2Y= q / y  f ( 2 ~ ~ ~ ) ~ ' ~= q / y3 
the eigenvalues of A; and = p/y, B2 = p/y + ( 2 ~ ~ ~ ) ~ ' ~3 =and 

- (ZP~Y)~'~~ These eigenvalues are realall being the eigenvalues of B. 

and distinct, but they are neither positive definite, nor negative def-

m 
inite. If all three eigenvalues of either A or B were positive, or 
negative, definite, Eq. (19) would be of elliptic type. If they were 
definite but had different signs, Eq. (19) would be of hyperbolic type. 
For the proposed watershed model, the eigenvalues do not fall in these 
cases; thus Eq. (19) is neither elliptic nor hyperbolic [Garabedian, 19641. 
111. SOLUTION OF THE HYDRODYNAMIC MODEL 
S o l u t i o n  of equa t i ons  s i m i l a r  t o  Eq .  (19)  ha s  been proposed by many 
au t ho r s  u s i ng  numerical  i n t e g r a t i o n .  F o r  t h e  s o l u t i o n  of such  equa t i ons  
e xp r e s s i ng  t h e  t r a n s o n i c  f low of  a i r ,  Lax and Wendroff [1960] proposed a 
second-order  a c c u r a t e  d i f f e r e n c e  scheme f o r  s o l v i n g  a  homogeneous system 
of h y p e r b o l i c  equa t i ons  i n  one-space dimension. Th i s  scheme u s e s  a n  
a r t i f i c i a l  v i s c o s i t y  term similar t o  t h e  one i n t roduced  by von Nemann 
and Richtnyer [1950].  The u s e  of  t h e  a r t i f i c i a l  v i s c o s i t y  t e rm  w i l l  
sha rpen  d i s c o n t i n u i t i e s  of f low,  such  a s  shocks,  b u t  i t  w i l l  have  no sig-
n i f i c a n t  e f f e c t  on t h e  f low where it is  cont inuous no r  w i l l  i t  i n t e r f e r e  
w i t h  t h e  accuracy  of t h e  r e s u l t s .  Richtmyer [I9631 formula ted  t h e  scheme 
i n  a two-step procedure  i n  one- and two-space dimensions.  The f i r s t  s tep 
produces  a p r e d i c t o r  f u n c t i o n  a t  t h e  c e n t e r s  of t h e  t ime-space g r i d  c e l l s .  
The second s t e p  t h en  g ene r a t e s ,  on t h e  g r i d  p o i n t s ,  a s o l u t i o n  based  on 
both t h e  i n i t i a l  va lue s  and t h e  p r e d i c t o r .  However, no a r t i f i c i a l  
v i s c o s i t y  i s  used i n  t h e  modi f ied  scheme. S eve r a l  o t h e r  v a r i a t i o n s  o f  
the Lax-Wendroff scheme now i n  u s e  have  the p r o p e r t y  of damping numerical  
o s c i l l a t i o n s  dur ing  t h e  p roces s  of i n t e g r a t i o n  and,  hence,  are recommended 
f o r  numer i ca l  s o l u t i o n s  of unsteady f l u i d  f low problems. 
L a t e r  Lax and Wendruff [1964] e l a bo r a t e d  on t h e i r  scheme and proposed 
an  a r t i f i c i a l  v i s c o s i t y  o p e r a t o r  i n  two-space dimensions. Then, Bzustein 
[1967] fo rmula ted  a v a r i a t i o n  of  t h e  two-step Lax-Wendroff scheme by 
Richtmyer f o r  t r a n son i c  f low i n  two-space dimensions.  H i s  p r e d i c t o r  
f u n c t i o n  i s  genera ted  f o r  t h e  c e n t e r s  of t h e  g r i d  squa re s  a t  t h e  t ime  
l e v e l  of  t h e  s o l u t i o n .  L ike  many o t h e r  numerical  s o l u t i o n s  of 
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hydrodynamic equa t ions  i n  two-space dimensions,  t h i s  scheme may s u f f e r  
from non l i n e a r  i n s t a b i l i t y .  The i n s t a b i l i t y  occu r s  nea r  boundary co rne r s  
and around shock waves, where t h e  ma t r i ce s  A and B i n  Eqs. (20)  and (21)  
may bo th  have a zero  e igenva lue ,  a ca se  i n  which t h e  Lax-Wendroff scheme 
l o s s e s  i t s  damping c a p a b i l i t y .  I n  such a c a s e ,  i t  is  neces sa ry  t o  use  an  
a r t i f i c i a l  v i s c o s i t y  term t o  s t a b i l i z e  t h e  computation. 
Another  v a r i a t i o n  of t h e  Lax-Wendroff scheme was proposed by Lapidus 
[1967] f o r  t h e  s o l u t i o n  of a detached shock wave problem i n  two-space 
dimensions,  By an emp i r i c a l  s t a b i l i t y  t e s t  on a s imple  c a s e  of sma l l  wa te r  
dep th ,  t h e  Lapidus v a r i a t i o n  was found t o  be  less s t a b l e  t h an  the  Bu r s t e i n  
v a r i a t i o n  i n  t h i s  s t udy .  However, Lapidus i n t roduced  a r e l a t i v e l y  simple 
a r t i f  i c i a P  v i s c o s i t y  ope r a t o r  i n  a scheme formula ted  wi th  two a d d i t i o n a l  
s t e p s ,  which can f i t  i n  Bu r s t e i n ' s  scheme j u s t  as we l l .  Consequently,  a 
new scheme s im i l a r  t o  Bu r s t e i n ' s  b u t  us ing  an a r t i f i c i a l  v i s c o s i t y  
o p e r a t o r  analogous t o  Lapidusv  can b e  used f o r  t h e  s o l u t i o n  of t h e  pro- 
posed watershed  f low model a s  fo l l ows :  
Expanding U i n t o  a Taylor series up t o  terms of second o r d e r  and p
rd$ 
dropping  t h e  h igher -order  terms which are assumed t o  cause no s i g n i f i -
c a n t  e r r o r  i n  t h e  l a t e r  numer ica l  computation, 
From Eq. (19) ,  
D i f f e r e n t i a t i n g  i t  p a r t i a l l y  w i t h  respec:t  t o  t ,  
S u b s t i t u t i n g  t h e  above two equa t i ons  i n  Eq .  ( 2 2 ) ,  
The above equa t i on  may be  r e p r e s en t ed  by t h e  fo l l owing  second-order 
a c c u r a t e  scherne : 
where i , j , k  denote  the g r i d  p o i n t s  along t-,x-, and z - d i r e c t i on s  respec-
t i v e l y  and t h e  v e c t o r s  U ,F ,G ,H  a r e  eva lua t ed  a t  p o i n t s  i n d i c a t e d  by t h e i r  
s c r i p t s .  The scheme i s  c en t e r ed  around t h e  p o i n t  j,k and around t + At/2 ;  
i t  cenverges ,  t h e r e f e r e ,  en t he  s c l u t i e n  e f  t he  d i f f e r e n t i a l  e q u a t i ~ x .  
The above formulation f o l l ows  e s s e n t i a l l y  t h e  Burs t e f n  scheme, 
The nonhomogeniety term, H, ..may a£f e e t  t h e  s t a b i l i t y  cond i t i on .  Idhen 
H = 0 ,  the scheme 4s s table  2s long  2s 
where o i s  t h e  maximum e igenva lue  f o r  e i t h e r  A o r  B [ ~ u r s t e i n ,19671.  
R i c hm e r  and Morton [1967] found t h a t  i f  H is l i n e a r  w i t h  r e s p e c t  t o  U 
and independent  of t ,  s t a b i l i t y  would b e  improved by t h e  p r e sence  of H. 
In t h e  p r e s e n t  case ,  however, H i s  a non l inea r  f u n c t i o n  of 1J  and can b e  
shown t o  be  d e t r imen t a l  t o  t h e  numerical  s t a b i l i t y  a t  sma l l  wate r  d ep t h s .  
Equat ion  (28) is  formula ted  f o r  a l i n e a r  case and can  be  ex t r apo l a t ed  
f o r  t h e  non l i n e a r  f low of g r adua l l y  v a r i e d  A and B. However, e x t r a p o l a t i o n  
f o r  r a p i d l y  v a r i e d  A and B may g i v e  rise t o  non l i n e a r  i n s t a b i l i t y .  Tne 
n on l i n e a r  i n s t a b i l i t y  occurs  a t  p o i n t s  where a c r i t i c a l  f low t akes  place ia 
a d i r e c t i o n  p a r a l l e l  t o  e i t h e r  of  t h e  coo rd ina t e  axes  x and z .  I n  o r d e r  t o  
overcome t h i s  non l i n e a r  i n s t a b i l i t y ,  Lapidus [1967] i n t roduced  a s imp l i f i e d  
Lax-Wendroff a r t i f i c i a l  v i s c o s i t y  ope ra to r .  This  ope r a t o r  i s  a cen t e r ed  
d i f f e r e n c e  scheme p ropo r t i ona l  t o  some power of t h e  d i f f e r e n c e  i n  U a t  
a d j a c e n t  p o i n t s  and was formulated a f t e r  t h e  fo l l owing  form o f  a U / a t :  
where C i s  a c o e f f i c i e n t ,  u = q/y ,  and w = p/y.  The scheme s o  formulated 
may b e  r ep r e s en t ed  i n  t h e  fo l l owing  d i f f e r e n c e  form: 
where U and u a r e  determined by Eq. (27) and UB and wP = v /y  by ~ q ,(30) . 
Equations (261 ,  (271, (30) ,  and (31) now form the d i f f e r ence  scheme 
t o  s o l v e  t h e  watershed f low model. I n  doing s o ,  t h e s e  equat ions  a r e  used  
success ive ly  such t h a t  t h e  s o l u t i o n  of Eq .  (31) serves as an i n i t i a l  v a l u e  
f o r  Eq .  (26) . This f our-s t e p  scheme is then  app l i ed  t o  a l l  t h e  g r i d  
p o i n t s  which a r e  assigned t o  t h e  s u r f a c e  of t h e  watershed.  
P a r t i c u l a r  equat ions  f o r  t h e  phy s i c a l  boundaries  of t h e  watershed can  
b e  e l imina ted  by add i t i on  of g r i d  po i n t s  o u t s i d e  t h e  boundaries  and by 
u t i l i z i n g  t h e  p rope r t i e s  of symmetry and antisymmetry of the proposed 
watershed model. However, t h e  geometry r ep resen ted  by t h e  g r i d  po in t s  
l o c a t e d  on t h e  trough i n  F igure  1, o r  t h e  i n t e r s e c t i n g  l i n e  of t h e  two 
p l ane  s u r f a c e s ,  is  d i f f e r e n t  from t h a t  r ep resen ted  by t h e  i n t e r n a l  g r i d  
p o i n t s  s i n c e  t h e  trough r ep r e s en t s  a d i s con t i nu i t y .  Add i t iona l  mathemat- 
i ca l  express ions  depending on the flow cond i t ion  would be needed t o  
d e s c r i b e  t h e  flow component along t h e  trough. Y e t ,  w i th in  t h e  range of 
wa t e r  depth ,  g r i d  dens i ty ,  and l a t e r a l  s l ope  under  s tudy,  it is es t imated  
t h a t  such  add i t i ona l  cons ide ra t ions  would n o t  apprec iab ly  a f f e c t  the  nm e r -  
i c a l  r e s u l t s .  Consequently, t h e  same geometr ica l  express ions  a r e  app l i ed  
t o  a l l  g r i d  po in t s ,  i nc lud ing  those  on t h e  t rough,  thus  reducing the  
computer t ime. 
Following t h e  d e f i n i t i o n  of t h e  l a t e r a l  s l o p e s ,  P3 and P5 a r e  p o s i t i v e  
on one p lane ,  negat ive  on t h e  o t h e r ,  o r  oppos i t e ,  p lane ,  and zero  on t h e  
t rough.  Add i t iona l  r e s i s t a n c e  c o e f f i c i e n t  f 1 i s  in t roduced i n  t h e  z-
d i r e c t i o n  on t h e  t rough i n  o rde r  t o  account f o r  t h e  f o r c e  of changing t h e  
v e r t i c a l  v e l o c i t y  component of t h e  flow when moving from one p lane  t o  t h e  
o t h e r ,  
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Fo r  the  numerical s o l u t i o n  of t h e  watershed model, a computer program 
is developed as given i n  Chapter IX. The f l ow  diagram of the computer 
solution is shown in Figure  2. 
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FIG. 2 FLOW DIAGRAM FOR COMPUTATION OF WATERSHED FLOW 
BY THE PROPOSED DIFFERENCE SCHEME 
As an i l l u s t r a t i v e  example, the watershed model i s  applied t o  the 
case  when a  r a i n  of constant i n t e n s i t y  f a l l s  upon the  watershed as 
proposed i n  Figure 1. The watershed flow i s  p r a c t i c a l l y  uniform'ini-  
t i a l l y  i n  the area  subject  t o  r a i n f a l l  I n  t h i s  case, E q s .  ( l 6 ) ,  (IT), 
and (18) a r e  respect ively  reduced t o  
In tegra t ing  Eq. ( 3 2 )  yie lds  
Assuming that the  streamlines follow the  watershed gradient ,  
Subs t i tu t ing  Eqs. ( 3 5 )  and ( 3 6 )  i n  Eq .  ( 3 3 )  o r  ( 3 4 )  and noting that  
u = q/y9 
The above s ca l a r  equation i s  equivalent  to  t he  vector  equation (19 )  f o r  
the  unif orm-f low case f o r  which the  der ivat ives  with respect  t o  x and z 
vanish .  The d i f f e r e n c e  scheme f o r  Eq .  ( 37 )  cor responding  t o  E ~ S . (261, 
( 2 7 ) ,  (301, and (31) are 
where <> denotes  t h e  p r e d i c t o r ' s  va lue ,  and t h e r e  i s  no need t o  r e f e r  t o  
t h e  space  coo rd ina t e s .  S ince  a s i n g l e  g r i d  p o i n t  r e p r e s e n t s  t he  e n t i r e  
uniform f low reg ion ,  t h e  computer t i m e  i s  g r e a t l y  reduced.  Equations (40) 
and (41) obviously do n o t  c o n t r i b u t e  anyth ing  t o  the s o l u t i o n  and hence 
t hey  need no t  be cons idered  i n  t h e  computation. 
Mathematical ly ,  Eq. (19) has  a s i n g u l a r i t y  a t  t = 0 as a l l  eigen- 
v a l u e s  of A and B a r e  zero .  Equation (37) i n h e r i t s  t h e  s i n g u l a r i t y  by 
con t a i n i ng  t e x p l i c i t l y  a t  t h e  denominator; t hus  
dul i m  (-) = d t  
Th i s  shows that u h a s  an i n i t i a l  ab rup t  i n c r e a s e  b u t  it can b e  f u r t h e r  
shown t h a t  t h e  r a t e  of i n c r e a s e  of u dec reases  w i t h  t ime. Because o f .  
t h e  s i n g u l a r i t y ,  no e x p l i c i t  scheme can be  employed t o  s o l v e  Eq. (37) 
a t  t = 0 .  However, t h e r e  are some e x p l i c i t  schemes t h a t  a r e  s u f f i c i e n t l y  
s t a b l e  a t  t v a l u e s  c l o s e  enough t o  ze ro .  Empi r i ca l  tests have  r e v e a l ed  
t h a t  t h e  scheme composed of Eqs. (38) and (39) i s  s t a b l e  a t  a r e l a t i v e l y  
low v a l u e  of  t 
S i n c e  e x p l i c i t  schemes do n o t  work a t  a v e r y  sma l l  wa t e r  dep th ,  an 
i m p l i c i t  scheme f o r  Eq .  (37) may b e  formula ted  below t o  s imu l a t e  t h e  
e a r l y  s t a g e  of t h e  f low:  
This  scheme can  b e  a pp l i e d  a t  t = 0. Although some o s c i l l a t o r y  compo-
nen t s  w i l l  e x i s t  a t  t h e  beg inn ing  of t h e  computat ion,  they  w i l l  damp ou t  
g r adua l l y .  By u s ing  sma l l  A t ,  t h e  ampl i tude  of t h e  o s c i l l a t i o n s  can be 
reduced a t  a f a s t  damping rate. Equat ion ( 4 3 )  i s  on l y  f i r s t - o r d e r  
a c c u r a t e  w i t h  r e s p e c t  t o  t, b u t  i t s  s imp l i c i t y  a l l ows  t h e  u s e  of sma l l  
At wi thou t  s i g n i f i c a n t  i n c r e a s e  i n  computer t i m e  b u t  a ch i ev ing  t h e  same 
accuracy  of a two-dimensional scheme . 
Equat ion  (43) i s  used from t h e  beginning of r a i n f a l l  t i ll  t h e  f i r s t  
c h a r a c t e r i s t i c  curve a r r i v e s  from a boundary up t o  90% of t h e  d i s t a n c e  
t o  t h e  n e a r e s t  g r i d  j o i n t .  At t h a t  t i m e ,  t h e  computat ion i s  swi tched  
t o  t h e  r e g u l a r  scheme of Eqs . (26)  , ( 2 7 ) , ( 3 0 ), and ( 3 1 ). A computer 
program f o r  s o l v i ng  Eq .  ( 4 3 )  has  been developed. The v a l u e s  of U on t h e  
bounda r i e s  a t  t h e  t i m e  of t h e  scheme swi tch ing  i s  determined emp i r i c a l l y  
such t h a t  t h e  f i r s t  i n t e r n a l  g r i d  l i n e s  s t i l l  ma i n t a i n  t h e i r  uniform U 
f o r  t h e  f i r s t  A t  i n t e r v a l  a£ ter  t h e  swi tch ing .  
For t h e  example, t h e  f l ow  r e s i s t a n c e  c o e f f i c i e n t  i s  assumed t o  be 
$1 t h o s e  f o r  s t e ady  uniform laminar  and t u r bu l en t  f l ows ,  r e s p e c t i v e l y ,  over  
a smooth boundary a s  t h e  fol lowing [15"rzaw,19591: 
fmoe5 = 2 log [ ~ e ( f ' ' ~ ) ]  + 0 .4  
where Re i s  the  Reynolds number defined as 
where v i s  the  kinematic v i s c o s i t y  of the  f l u i d  and q and g car ry  t h e i r  
o r i g i n a l  dimensions. To account f o r  t h e  e f f e c t s  of unsteadiness,  non-
uniformity and curvature of the flow, and of the  inaccuracy i n  assump- 
t i o n s  and s imp l i f i c a t i on s ,  the  constant  i n  Eq. ( 4 4 )  has been increased 
by 5%from the  regular  value  of 24.  The funct ions  of Eqs. ( 4 4 )  and 
(45) have a common va lue  a t  Re = 513 to  d i s t i ngu i sh  t he  laminar flow 
from the  turbulent .  For- the  apparent r e s i s t ance  coe f f i c i en t  f ' ,  i t  i s  
assumed to be d i r e c t l y  propor t ional  to  the  raindrop momentum and 
inverse ly  propor t ional  t o  the water depth; o r  
where V,  I and y carry  t h e i r  o r i g i n a l  dimensions and K i s  a coe f f i c i en t .  
Af te r  normalizat ion,  
2 2
where K' = Kuc/gyc cos 8.  
A computer p r i n t o u t  of t h e  s o l u t i o n  of t h e  example i s  g iven  i n  
F i gu r e  3, which shows t h e  p r o f i l e s  of dep th  and v e l o c i t y  v e c t o r  on 
h a l f  of a s qua r e  wate rshed  hav ing  an a r e a  of 40 f t  by 40 f t  (12.18m 
by 12.18m), a main-channel s l o p e  of 0.02, and s i d e  s l o p e s  of 0 .01  under 
a r a i n f a l l  i n t e n s i t y  of 5.59 i n . / h r  (2.37mm/min), f o r  a d u r a t i o n  of 30 
s e e .  The cor responding  hydrograph s imu la t ed  by t h e  hydrodynamic water-  
shed model was p r i n t e d  ou t  by computer a s  t h e  cont inuous  hydrograph i n  
F i gu r e  4 -
The wate rshed  i n  t h e  example h a s  an  o u t l e t  of f ou r - foo t  w id th .  I n  
t h e  computat ion,  t h e  o u t l e t  i s  r ep r e s en t ed  by f i v e  g r i d  p o i n t s  a t  one- 
f o o t  i n t e r v a l s .  Table  1 shows t h e  Reynolds numbers and t h e  d i s cha rges  
a t  v a r i o u s  t i m e s  a t  t h e s e  p o i n t s :  two o u t e r  p o i n t s  a t  t h e  edges  of t h e  
o u t l e t ,  two i n t e rmed i a t e  p o i n t s ,  and t h e  c e n t r a l  p o i n t .  A l l  q u a n t i t i e s  
g iven  i n  Tab l e  1 a r e  d imens ion less .  The t i m e  t and t h e  l o c a l  d i s cha rge  
q a r e  normalized q u a n t i t i e s  a s  de f ined  p rev ious ly .  The Reynolds number 
is determined by Eq .  (6). The t o t a l  outf low Q is computed from t h e  
v a l u e s  of q a t  f i v e  g r i d  p o i n t s  a t  t h e  o u t l e t  by f o u r  d i f f e r e n t  methods 
of i n t e g r a t i o n :  The extended t r a p e z o i d a l ,  t h e  modi f ied  t r a p e z o i d a l ,  
Simpson's method, and s ode's [Davis and PoZonsky , 19671. The d i f -  
f e r en c e s  among t h e  r e s u l t s  of t h e s e  methods a r e  sma l l  a s  compared t o  
t h e  d i f f e r e n c e  between t h e s e  t h e o r e t i c a l  va lue s  and the exper imenta l  
r e s u l t  t o  b e  de sc r ibed  l a t e r .  
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V. EEERIMEWTBL TEST OF  TKE MODEL 
The above example has been t e s t e d  i n  t h e  l abo r a t o ry  by t h e  Un ive r s i ty  
of I l l i n o i s  Watershed Experimentation System (WE§). The WES i s  a sc i en -
t i f i c  i n s t rumen t  of e l e c t r o n i c ,  hydrau l i c ,  pneumatic and s t r u c t u r a l  des ign  
[Chow, 1967;  1968; 1970; 1971 a , b ] .  It can gene ra t e  a moving storm wi th  
v a r i a b l e  temporal  and s p a t i a l  d i s t r i b u t i o n s  of r a i n f a l l  i n t e n s i t i e s  over  a 
l a bo r a t o ry  watershed t o  produce watershed fiow f o r  automatic computer 
recording  and process ing  of the hydrograph. The use  of WES is to t e s t  
exper imenta l ly  t h e  proposed hydrodynamic watershed model which i s  of 
s imple geometrical  shape and hence can be r e a d i l y  cons t ruc ted  i n  t he  
l abo r a t o ry .  
For example, t h e  WES produced an experimental  hydrograph a s  shown by 
square  symbol i n  F i gu r e  4 under t h e  cond i t ion  t h a t  was assumed i n  com-
put ing  t h e  t h e o r e t i c a l  hydrograph. It can b e  seen t h a t  t h e  r i s i ng  limb 
of t h e  t h e o r e t i c a l  hydrograph i s  i n  e x c e l l e n t  agreement wi th  t h e  exper i -  
mental r e s u l t s ,  bu t  a l a r g e  por4tion of t he  lowering iimb occurs somewhat 
e a r l i e r  t h an  t h e  experimental  r e s u l t s  by seven seconds. 
Seve r a l  experimental  outflow discharges  a t  v a r i ou s  times are 
given i n  Table 1. The d i f f e r ence  between t h e  t h e o r e t i c a l  and experimental  
r e s u l t s  is  l a r g e  when t h e  d i f f e r ence  among t h e  Reynolds numbers a t  t h e  
g r i d  p o i n t s  i s  also l a r g e .  Since t h e  Reynolds number a t  a g r i d  p o i n t  i s  
p ropo r t i ona l  t o  the  abso lu te  va lue  of t h e  l o c a l  d i scha rge  v ec t o r ,  i t  seems 
t h a t  when t h e  d i f f e rences  i n  d ischarges  a t  t h e  g r i d  p o i n t s  are l a r g e ,  the  
outflow p r o f i l e  through t h e  o u t l e t  is  n o t  smooth enough t o  be  approxi- 
mated by f i v e  po i n t  va lues  only. Furthermore, t r i a l  computations have 
shown t h a t  t h e  r e s i s t a n c e  c o e f f i c i e n t  affects apprec iably  the shape of t h e  
hydrograph. Although t h e  agreement between the proposed watershed model 
and t h e  exper imenta l  r e s u l t s  i s  q u i t e  s a t i s f a c t o r y ,  i t  i s  be l i eved  t h a t  
f u r t h e r  improvement may b e  achieved by using a few add i t i o n a l  g r i d  po i n t s  
a t  t h e  o u t l e t ,  by synchronizing t h e  commencement and c e s s a t i on  of t h e  
r a i n f a l l  i n  t h e  mathematical  model w i t h  t h a t  i n  t h e  l abo r a t o ry ,  and by 
us ing  more accura t e  i n f om a t i o n  on r e s i s t a n c e  c o e f f i c i e n t s  t h a t  f u r t h e r  
r e sea rch  may revea l .  
VE . CONCLUSIONS 
It h a s  been  demonstrated t h a t  a two-dimensional hydrodynamic modeling 
of wate rshed  f low i s  f e a s i b l e  by t h e  proposed t h e o r e t i c a l  model. The 
proposed model employs a scheme based  on t h e  combinat ion of  t h e  Lax- . 
Wendrof f  scheme w i t h  Bu r s t e i n  and Lapidus mod i f i c a t i on s  . Thi s  new scheme 
produces a p o s s i b l e  computer s o l u t i o n  of t h e  two-dimensional wate rshed  
f low model which would b e  ex t remely  d i f f i c u l t  t o  b e  s o l v ed  by t h e  method 
of c h a r a c t e r i s  t i c s .  When c r i t i c a l  f iow occurs  i n  a d i r e c t i o n  p a r a l l e l  
t o  e i t h e r  of t h e  two-space-coor dinate axes  under c o n s i d e r a t i o n ,  non l i n e a r  
i n s t a b i l i t y  can b e  found i n  t h e  computer s o l u t i o n  b u t  t h i s  d i f f i c u l t y  can 
b e  overcome by t h e  u se  of an a r t i f i c i a l  v i s c o s i t y  o p e r a t o r .  
The u s e  of t h e  proposed hydrodynamic watershed f l ow  model can repro-
duce t h e o r e t i c a l  hydrographs comparable t o  t h e  hydrographs ob t a ined  by 
t h e  l a b o r a t o r y  exper iment  w i t h  WES. Hydrodynamically, t h e  two-dimensional 
model i s  a b e t t e r  r e p r e s e n t a t i o n  of t h e  wate rshed  f low t h an  a one-dimensional 
model a l t hough  t h e  l a t t e r  r e q u i r e s  much l e s s  computer t i m e  s i n c e  i t  i s  a 
f i r s t  approximat ion.  
VII. NOTATION 

dF 
a m a t r i x  f o r  - OdU ' 
dG

watershed  width;  o r  a m a t r i x  f o r  -;dU 
w i d t h  of watershed o u t l e t ;  
a c o e f f i c i e n t  i n  Eq.  ( 2 9 ) ;  
- -
du 
- f o r  E q .  (37 ) ;d t  
a f u n c t i o n  i n  E q ,  (19) ;  
r e s i s t a n c e  c o e f f i c i e n t  of  watershed  flow; 
apparen t  r e s i s t a n c e  c o e f f i c i e n t  due  t o  over-
p r e s s u r e  and o t h e r  impeding e f f e c t s  of ra indrop  impact ;  
a f u n c t i o n  i n  Eq.  (19) ; 
g r a v i t a t i o n a l  a c c e l e r a t i o n ;  
a f u n c t i o n  i n  Eq .  (19) ; 
ove rp re s su re  head due t o  r a ind rop  impact;  
r a i n f a l l  i n t e n s i t y ;  
average  r a i n f a l l  i n t e n s i t y ;  
c o e f f i c i e n t s ;  
g r i d  p o i n t s  a long t-,x-, and z -d i r ec t i ons ;  
watershed l eng th ;  , 
s i m p l i f i e d  exp re s s ions  i n  E q s . (17)  and (18) ; 
* J; 
p r e s s u r e ;  o r  p = w y ; 

out f low from t h e  watershed;  

e q u i l i b r i u m  outf low; 

Reyno1d.s number ; 

t i m e ; 

d u r a t i o n  of r a i n f a l l  

a f unc t i on  i n  Eq. (19) ; 
v e l o c i t y  components i n  x-,y-, and z -d i r ec t i ons ;  
c r i t i c a l  v e l o c i t y  a t  watershed outlet i n  x-
d i r e c t i o n ;  
mean t e rmina l  r a i n f a l l  v e l o c i t y ;  
average  r a i nd rop  v e l o c i t y ;  
coo rd ina t e s  (F igu re  1 ) ;  
c r i t i c a l  depth a t  t h e  o u t l e t ;  
"1' a2' a3 e igenvalues  of A ;  
b l '  B 2 9  b 3  e igenvalues  of B; 
ex, By '  ez  ang le s  of i n c l i n a t i o n  t h a t  g r a v i t a t i o n a l  f o r c e  
makes w i t h  x-,y-, and z-axes, r e s p e c t i v e l y ;  
8 watershed s l o p e  ang le  i n  t h e  d i r e c t i o n  of t h e  
main channel  (F igu re  1 ) ;  
v kinemat ic  v i s c o s i t y  of t h e  f l u i d ;  
P mass d e n s i t y  of t h e  f l u i d ;  
CT maximum kigenvalue  of e i t h e r  A o r  B; 
T
x9 T Z boundary s h e a r s  i n  t h e  x- and z -d i r ec t i ons ,  
r e s p e c t i v e l y ;  
(9 watershed s l o p e  ang le  i n  a d i r e c t i o n  perpendic-  
u l a r  t o  t h e  main channel (F igu re  1 ) ;  
* 
s u p e r s c r i p t  f o r  normalized q u a n t i t i e s .  
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S)11 40 K=2vi \ IW 

1F ( I<- I~\ I$~JI) 
3 8  737'936 

3 6  I F ( K - 1 V H P ) 3 7 ~ 3 7 9 3 8  

37 UY ( 2 9 ~ ~ 9 ~ ) = U ~ ( 2 r N X 1 ~ K ) : ~ 2 e ~ I ~ Y ( 2 9 1 \ I X 2 9 K ~  

l J k Y ( 2 1 N X , K ) = U W Y ( Z r I \ l X 1 7 K ) ' ~ 2 a - U W Y 1 2 ~ I \ r X 2 p K )  

U P Y ( 2 r N X , K ) = U P Y ( 2 9 N X 1 T K ) ' ~ ' 2 s - I J P Y 1 2 ~ N X 2 9 K I  

c;o 10 39 

3 h  [ l Y ( 2 9 N X y K ) = - C J Y ( 2 y l \ I X 2 y K )  , 

[ j W \ { ( 2 7 N ) ( 9 K ) = - U l ? r Y ( 2 9 ! ? r X 2 r K !  

I J P Y  ( 2 ?NX ? K ) = I J P Y  (2r1\ lX29K f 

39  U Y I Z 9 L 9 K ) = - l J Y ( 2 9 3 y K )  

UWY ( Z 7 l 9 K ) = - U W Y( Z 9 3 y K )  

40 U P Y ( 2 9 1 y K ) = U P Y ( 2 9 3 s K )  

.I. .I, .I. 	 .I. .b 
C FIRS? S T E P  	 .,-+dl. ',- *I-
C PREDICTOR ( 1 9 J , K )  I S  A T  THE CENTER OF THE G R I D  S D U A K t  ! J t f < )  
C I N I T I A L  V A L U E  ( 2 1 J y t i )  I S  A 1  THE GRI!1  P O I N T  ( J I K )  
5 0  00 6 2  J=29NX2  
00 58 K=211UW1 
C L A T E R A L  S L O P E  SIGIV i\iEED lvOT B E  O E T E K r l l t W . ~  HERE FUR THE S Y M M E T R I C A L  
C C A S E ,  O T H E R W I S E  I T  CAN B E  D t T E K f i 1 N E I . l  A S  IN  T h E  SECOND S T E P  
C A L L  D W F ( Y O 7 U ~ O ~ ~ ~ O y ~ I( J r K ) 9 F X 7 F z 9 2 )  
t i Y  ( 1 9 J 9 K ) = U Y ~ ) - C ( 4 ) ' : : ( ~ J P Y ( 2 ~ J + l r K + 1 ) - U P Y ( 2 9 J r K + 1 ) + U P Y ( i ! 9 J + l 9 K ) - ~ j ~ ~ (  

1 2 9 J 9 K ) + U W Y ( 2 9 ~ J + 1 y K + l ) - U ~ Y ( 2 9 J + 1 9 K ) + U W Y ( 2 9 J 7 K + 1 ) - U W Y ( 2 9 J 9 K ))+I)T:;:( 

2 P ( ~ ) ~ ~ : Y ~ I - P ( ~ ) * c F X + C ( ~ ) * ~ R I [ 
( J y K )  1 
b ~ Y ( l p J y K ) = W Y O - C 1 4 ) : ~ : ( l ~ k \ l Y ~ 2 p J + 1 ~ K + 1 ~ ~ U N V ~ 2 ~ J ~ K + 1 ) + U W Y ( 2 9 J + 1 ~ K ) - U N Y (  
1 2 ~ J r K ) + N P Y Y 2 7 J + 1 9 K + 1 1 - ~ W P Y ( 2 ~ J + 1 9 K ) + i / J P Y ( 2 9 J 9 K + 1 ) - W P Y ( 2 9 J 7 K ) ) + D T ~ : : (  
2 P ( ~ ) : I C Y ~ ~ + C ( ~ ) ; I : K I ( , I . ~ ~ . ) - P ( ~ B ~ : F Z )  
5:4 	 CUI\JTII ' \ IUE 

Y ( l . , J y 1 ) = Y ( l y J ? ;  1 

\ I Y ( l p J p l ) = U Y ( l s J y 2 )  

WY ( 1 9 J y l ) = - W Y ( 1 , J 9 2 )  

Y  ( l , J v N W ) = Y ( 1 , J , l V W l )  

\JY ( 1 9 J , I \ r w ) = i J Y  ( 1 ,J p I \ j b n ! l )  

6 2  ( n r Y ( l ~ J ~ I V \ d ) = - ~ ~ I Y ( l 9 J g l * \ ~ W 1 )  
D O  70 K = l  y I \ lN  
59 Y ( l y l r K ) = Y ( l v 2 9 K )  
UY ( 1 9 l p K ) = - l i Y ( l 9 2 ~ K )  
JO W Y ( l v l y K ) = W Y ( l s 2 y K )  
DO 69 J = 1 7 N X 2  
P Y = P ( l ) ~ ~ : Y ( l y J y K ) : ~ : Y ( l ~ J v K )  
i I P Y ( 1 7 ~ J r K ) = C J Y ( l ~ J y K ) : : : U Y ( 1 ~ J ~ K ) / Y ( 1 ~ J t K ) + P Y  
W P Y ( 1 y J 7 K ) = W Y ( l t J 9 K ) ' k W Y ( 1 p J y K ) / Y ( 1 P J 9 K ) + P Y  
69 	l J W Y ( 1 7 J , K ) = U Y ( 1 ~ J ~ K ) : ~ : ~ ! ' ~ ( ' 1 f J r K ) / Y ( Z s J , K )  
I FIK-l\ lB1;rl) 5575795h 
5 6  I F ( K - I ~ B P ) 5 7 9 5 7 9 ~ ! ~  
5 7  Y ( 1 p i \ l X 1 B K ) = Y ( l , ~ \ i X % s t ; ) : : : 2 . - Y ( 1 v ~ \ J X 3 , K )  
I I Y  ( 1 9 1 \ r X 1 9 K ) = I J Y (  1 t 1 ? i X % v K ) : g 2 . - U Y (  1 t N X 3 9 K )  

b+lY( ~ ~ I \ S X L ~ K ) = W Y ( ~ ~ I \ I X ~ ~ K ) ~ ~ ~ . - \ ~ J Y ( 
1 7 N X 3 , K )  

tJPY ( 1, h X 1  ,K ) = U P Y  ( 171UXZ9K):::2,---CJPY ( 1 y l \ l X 3 y K )  

k l P Y ( l r i \ I X l 9 K ) = W P Y (  1 ~ I \ 1 X 2 ~ K ) : ~ : 2 e - W P Y ( l p l ' 1 X 3 ~ K )  

I J W Y ( 1 t N X 1 9 K ) = U W Y ( 1 ~ N X 2 ~ K ) ~ ~ : 2 ~ - U 1 : I Y ( 1 r N X 3 ~ ~ )  

GI3 T O  7 0  

5 5  	Y (  l s I \ l X 1 9 K ) = Y (  1 9 N X 2 9 K )  
CIY ( 1 , l \ r X l , K I = - U Y (  le1\1>(2sgiO 
\Il!Y ( l p S d X 1  y K ) = W Y (  l y r ' d X 2 9 K )  
I J P Y (  l y N X l ~ K ) = U P Y ( l y I V X 2 9 K )  
N P Y 1 1  9 N X 1  YK ) = W P Y  ( 1v N X 2  Y K )  
\J!iJY ( 1 7  I ' \ lX1 7 K =-CJblY ( 1 7  I j l X Z 7 K 
7 0  	C O N I ' I I V I I E  
SECOhlU S T E P  

D E T E R M I N E  S L O P E  S I G N  

DCi 8 2  K=2,I\lW 

I F ( K - l \ l C ) 7 h p 7 5 9 7 4  

7 4  	C 1 5 ) = - P ( 3 )  
C ( 6 ) = - C 1 2 ) : : : Z c  
G O  T O  77 
15 C ( 5 ) = 0 ,  
C ( B ) = O *  
G O  T O  7 7  
76  	C ( 5 ) = P ( 3 )  
C ( 6 ) = C ( 2 ) : : : 2 ,  
S O L U T I O I Y  ( 3 ? J Y K )  I S  A T  THE G R I D  P O I N T  ( J Y K )  
77 D O  79 J = Z 9 N X I .  
y ( 3 9 J 9 K ) = Y ( 2 9 J 1 K ) - C ( 3 ) ~ ~ ( U Y ( 2 9 J + 1 9 K ) - U Y ( 2 ~ J - 1 9 K ) + b ~ Y ( 2 ~ J 9 K + 1 ) - \ ~ ! Y ( 2 9 J  
1 p K - 1 ) + U Y ( 1 7 J B K ) - U Y ~ 1 ~ J ~ l ~ K ) + U Y f 1 t r J ~ K - 1 ) - U Y ( l 7 J ~ l ~ K ~ l ) + W Y ( l 9 J 9 K ) -
2 	 W Y ( l r J y K - 1 ) + W Y ( 1 9 J - 1 ~ K ) - W Y ( l p J - 1 p K - l ) ) + D T * R I ( J ~ K )  
I F ( Y ( 3 9 J 9 K ) - Y L 0 ) 7 1 y 7 2 7 7 2  
7 1  u y ( : - 3 ? L ! n ; 4 = : i *  
\A \Y( 3 L j  ;,:, 1 ==(:I 
- / - ( , ' I  - /q  
72 Y O = , ~ ~ ~ ~ ~ ( Y ( ~ ~ J - ~ ~ K - ~ ) + Y ( ~ ~ J ~ ~ J K ) + Y ( ~ . ~ J ~ K - ~ ) + Y ( I B J ~ K I) 
LJYO=~25'~~(UY(1~J-l~K-I)+U'~'(l~J-l~K1+UY(19JpK-l)+CJY(1~u'~K)
) 

\:1?:,[1=,25':c(!rdy ( 1r\J-lY K - 1 )  + ! ? \ I ' \ / (  1r J - l BK ) +PJY ( 1?4,i<-I. ) + N Y  ( I,J p i ( )  ) 

(;ALL Ul,?IF( Y l : l ? l J Y I ' ! y  WYCIy R I ( .I  y K  1 9  F X C l y  t Z ( 3 y  2 1 

\ / ? \ 8 = \ / A t ,J YK 1 

C A L L  U W F ( Y ( 2 , J 7 K ) ~ I l Y ( 2 ~ J ~ K ) ~ W Y ( 2 7 J 7 K ) ~ K I I J y K ) ~ F X y F : Z , 1 . )  

[ , ! Y ( 3 ? J 9 K ) = I J Y ( Z p . J p K ) - C ( 3 ) : : : ( U P Y ( 2 9  J + l 7 K ) - ~ J P Y ( 2 p J - l ~ K ) + U \ d Y ( 2 ~ J ~ K + 1 
1 - 

1 O I P ~ Y ( ~ ~ , J ~ K - I . J + I . I P Y ( 
1 . 1 J 9 r O - I I P Y ( 1 , J - 1 9 k ) + l - J P Y ( 1 7 J p K - 1 ~ - U P Y ( 1 7 J - 1 y K - 1 )  

2 + U l , ~ j Y ( 1 r , J T 1 . ( j - ~ j ~ ; ~ ~ ; . ' y ' ( ~ p , J 9 K - ~ ) + U ~ " / ( 1 , J - 1 - 9 G ) - ~ j ~ ? i Y ( 1 ~ J - 1 ~ K - 1 ) 
) + C ( 1 3 ) : I c ( P (  

3 ~ ) : ~ : ( Y ( ~ , . J , K ) + Y ~ ' . . ~ ) - ~ ( ~ ) : ~ ~ ( F X + F > C ~ J ) + C ( ~ ~ ) : : ~ ~ I 
( J 9 K )  

I . . ry(3?J 9 K ) = b , l Y ( 2 ,  J , I < ) - C ( ~ ) ~ : : ( U \ ~ ~ Y ( ~ ~ J + ~ ~ K ) - I J ~ . . : ' Y I ~ ~  1 - 
J - l y K ) + i . l P Y ( Z ? J p K + 1  

L 1 / 1 ! P Y ~ 2 B J ~ K - 1 ) + U W ' ( ( 1 9 J p K ) - l . i i ! \ l Y ( 1 9 J - 1 9 K ) + U ~ ~ Y ~ 1 9 J ~ K - 1 ) - ~ J W Y ( 1 ~ J - 1 9 K - 1 )  

2 - t-bjpy( 1 9 ~ 9 i ( ) - b 3 ~ P ~ ( 1 9 J p K - 1 ) + h P Y ( 1 p J - 1 7 K ) - W P Y (  ) + C ( 1 3 ) : : : I C 
I T J - 1 7 K - 1 )  ( 
i 5 ) ~ ~ : ( Y ( 2 7 J ? K ) + Y O ) - P ( 4 ) : : : ( F Z + F Z O ) + C ( 6 ) + : K I ( J 9 K )1 
'7  9 i:; I ,?,I-I. 1131! 
1 t - ( 	 - I,..! k\ ~ s . , l ~  ) p, 1 /-;2 ? 90 
8 (-j 1 f- ( I<,-l,...lI-!, iJ 1 82 ;?4 2 9 8 1 
F i l - [,I\(' ( 3 9 l a - \ l x l7 P; ) =(Ie 

t5 2 I, !Y ( 3 7 2 ') /,:: ! = (3 0 

8 6  r d i l  t i7 ,1=2,1 . \ !X l  

W Y ( ? I ~ J ~ ~ ) = O ,  

8 7  \n/Y ( 3 y J t l \ l W ) = C ) r  

.I. .I. .I, -1. 	 ,I.
C 	 ,HIF " I N  U I R E C T I O J ' V  .,.',.,,.t l...J S - r E P  S/~ IUUTHI I \~T,  X * .,. 
C S P A C ~ S ( 1 7 ~ B ~ )  A R E  U Y ( l ) - L . I ,  Y ( ~ ) = L I C J( 2 , J , K )  lJSED FUR C O ~ Y I P U T A I I C I I \ I S ~  
I: 	 L 1 - 1  I S ALSk.1 LOLA?-E1.j A-P ( 1, J , K )  
Ul.1 3 39 iC;= 2 7 ['\IW 
DC1 305 ,1=2,l'\lXl 
305 I J Y ( ~ ~ J ~ I < ) = C S Y ( ~ ~ J ~ K ) / Y ( ~ , J ~ I O  

1F ( K- I " \S%~'~)309 7 3 0 8 9 307 

307 I F ( K - J V ~ P )308,308 ? 3 0 9  

308 	 l . i Y ( 1 9 I ' ~ i X , K ) = I ~ Y ~ l 9 I V X 1 t K ) : ~ : % . - U ' i ~ l ~ S \ ~ X 2 ~ K )  

I J Y ( 3 9 T \ I X t t C ) = U Y ( 3 ~ I \ 1 X 1 9 K ) : ~ : 2 , - U Y( Z , P \ I X ~ ~ K )  

\AIY( '3 ,1\1x ? I < ) =WY ( 39 i \ l X 1 ? K ) :::2 ,-WY ( 3 , i d X 2 p K  

Y ( 3 7 . i \ I X t K ) = Y ( 3 y N X 1 ~ K ) : : : 2 , - Y  ( 3 y I \ l X Z y K )  

GW TC1 310, 

309 	I J Y ( 1 9 1 V X 9 K ) = - U Y ( 1 y N X 2 3 K )  

\, jY ( 3 ,I''\rX y K ) = - I J Y  ( 3 ~ i V X 29 K )  

WY ( 3 7 ~ ' \ l X y K ) = W Y ( 3 9 / l X 2 & )  

Y ( 3 y P J X t K ) = Y  ( 3 s , l \ l X Z r K )  

310  	U Y ( 1 9 1 7 K > = - U Y ( 1 9 3 7 K )  

( . j Y ( 3 9 1 9 K ) = - k . 1 Y ( 3 p 3 9 K )  

W Y ( 3 ?  l s ~ O = W Y 1 3 y 3 , K )  

Y ( 3 7 1  9 K ) = Y ( 3 r 3 9 K )  

I:jCj 3 1 5  J=2 YlVX 

Y ( 1 7 J ~ t i ) = A B S ( U Y ( 1 9 J 9 K ) - U Y f 1 y J - l p K ) )  

Y ( 2 9 J p K ) = Y ( 1 9 J 7 K ) : ! : ( Y ( 3 y J y K ) - Y ( 3 f J ~ 1 9 K ) )  

( ~ Y ( ~ ~ J ~ K ) = Y ( ~ ~ J ~ K ) : ] : ( [ J Y ( ~ ~ J ~ K ) - ~ . ~ Y ( ~ ~ J - ~ ~ K )  

3 1 5  	I r J Y ( 2 r J 9 K ) = Y ( 1 9 J 7 K ) : f : ( W Y ( 3 9 J 7 K ) - b 1 ~ Y ( 3 9 J - 1 t K ) )  

00 3 2 0  J = 2 9 S q X l  

Y ( 1 9  J p K ) = Y ( 3 T J 9 K ) + C ( 1 8 ) 3 ~ I Y ~ 2 9 J + 1 9 K ) - Y ( 2 , J 9 K )) 

U Y ( l 9 J p K ) = U Y ( 3 r L l ~ K ) + C ( 1 g ) ~ ~ : ( U Y ( 2 e J + 1 9 K ) - ! - ~ Y ( 2 9 ~ 9 K )  

3 2 0  W Y ( 1 9 J 9 K ) = W Y ( 3 9 J , K ) + C ( 1 8 ) 2 : : ( b j Y ( 2 P J + 1 ~ K i - ~ Y ( 2 9 J 9 K ) )  

330  COI\.IT I Iq lJE 

41 

FOURTH STEP9 S M O O T H I N G  I N  Z D . I R E C T I O N  
S P A C E S  (Z , J91< )  ( 3 9 J 9 K )  A R E  USED FOR C O M P U T A T I O N S ?  W Y ( 2 ) = W 9  Y ( ~ ) = D w  
SOLUTIUIV I S  A T  ( 2 q J y K )  
D O  3 5 0  J=2,IUX2 
D O  335  K=29IVW 
335 	W Y ( 2 y J y K ) = W Y ( l r J I K ) / Y ( l r J , K )  

W Y ( Z y J y l ) = - W Y ( Z y J 9 3 )  

WY ( l r J ~ l ) - ~ W Y ( l y J y 3 )  

U Y ( 1 9 J p l ) = U Y ( l y J v 3 )  

Y ( 1 y J 9 1 ) = Y ( l e J , 3 )  

) 	 Y ( l 7 J p N W P ) = Y I l y J y N W 1 )
CIY ( l 9 J y N W P ) = U Y ( l 9 J ~ i \ l W l )  
WY(l7JpNWP)=-WY(1vJINWL) 

\dY ( 2 9 J q,l\jWP I =-+bdY ( 2 7 J ykIW1 1 
1 D O  340 K=Z?i\lWP 
Y ( z 9 J t K ) = A B S ( W Y f 2 e J t K ) - M Y ( 2 t J y K - 1 ) )  
Y ( 3 7 J 9 K ) = Y ( 2 7 J 7 K ) * ( Y ( I p J p K ) - Y ( 1 9 J 7 K - l ) )  
U Y  ( 3 7 J 7 K ) = Y ( 2 9 J 9 K ) ~ : ( U Y ( 1 9 J 9 K ) - U Y ( 1 p J p K - 1 ) I 
340 W Y ( 3 9 J 7 K ) = Y ( 2 8 J t K ) ~ ~ : ( b J Y ( 1 9 J p K ) - W Y ( 1 9 3 7 K - 1 11 
D O  3 4 5  K.=2,1'\11IJ 
Y f 2 y J I K ) = Y ( 1 9 J I K ) + C ( 1 8 ) h k ( Y ( 3 p J 3 K + 1 ) - Y ( 3 9 J y K ) )  
U Y I 2 9 J 9 K ) = U Y ( 1 7 J 7 K ) + C ( 1 8 ) * ( U Y ( 3 P J ' p K + 1 ) ~ U Y ~ 3 y J y K I ~  
3 4 5  W Y ( 2 9 J T K ) = W Y ( 1 9 J 9 K ) + G ( 1 8 ) ~ ~ { \ d Y ( 3 9 J ' B K + 1 ) - W Y ( 3 9 J 9 K ) )  
WY ( 2 p J 9 2 ) = o e  
3 5 0  W Y ( 2 p J v N W ) = O e  
0 0  3 5 7  K=2,I\rW 
I Y  ( 2 , N X l , K ) = Y (  l p ~ ' ~ 1 , ~ )  
U Y ( 2 9 N X l t K ) = U Y ( l r N X 1 P K )  
W Y ( 2 9 N X 1 9 K ) = W Y  ( l p I \ l X b K )  
I F (K-NBM)  3 5 6 , 3 5 7  7 3 5 5  
3155, I F ( K - N B p )  3 5 7 9 3 5 7 r 3 5 6  
356'  UY ( 2 e I V X 1 y K ) = O o  
3 5 7  U Y 1 Z r 2 y K ) = 0 8  
P R I N T  R E S U L T S  
, I F ( N S M T R Y ) 9 8 9 9 8 y 3 5 9  

3 5 9  00 3 6 0  K = l y N B  

COMPLETE FLOW AT OUTLET 

3 6 0  CJY (Z, t \ IX. l  7NC+K)=OY ' (  2  y N X 1  YNC-K 

9 8  	C T = N  

T IM E=CT::-C ( 7 ) 

Q=-,5>::(UY(2a1\1X1B1\1BM)+UY ( 2oP lX1r1V8P) 1 

D O  99 K=NBI"l ?NBP 

9 9  	Q = Q + U Y ( 2 9 N X l r K )  

Q=Q:gC ( 9 

W R I T E ( 6 r l O O ) N 9 T I M E v Q  

1 0 0  FORMATI  / ' / 1 5 X 1  8 H I N T E R V A L t  1 5 r l l H  R E A L  T I P I E r F 1 0 * 5 r  1 4 H  SEC.9 OUTFLOW 
1 F10,594H C F S )  
W R I T E  ( '77 1 0 9  ) N , T I M E 9 Q  
1 0 9  F O R M A T ( 5 X 9 1 5 9 2 F l O - 5 )  

D O  107 J = 2 r N X 1  

DO 106 K=ZyNW . 

1 0 6  	V A ( J r K ) = S Q R T ( U Y ( 2 9 J 9 K ) ' ~ U Y ( 2 7 J P ~ } + W Y ( 2 ~ K ) * W Y ( 2 y J 9 K )) / Y ( Z y J y K )  
107 C O N T I I I U E  
I F ( N T Y P E . G E . ~ O ) C A L L  
NEXT T I M E  
O U T P R ( Y 9 U Y I W Y 9 V A y N T Y P E 9 N P U 9 f \ 1 X 1 y N W P T I ~ C 7 Y C )
*>;c $c *1;: 
1 7 0  I F ( l \ I - / \ l T R ) 3 0 t 1 7 1 r l 7 5  
. . 
1 7 5  I F ( N F )  1 7 1 r l E 0 7 1 7 6  
C FOR AN ABRUPT CESSATION Clf - K A I N F A L L  
1 7 1  T=CTK-CT 
IJCI 1 7 3  J=2?l l !X l  
-l:)Cj 1 7 2  K = 2  ? i U W  
i72 	KI  ( J B K ) = K I(J9K):I: ' i '  
173 	CCII~-rI l \ iUE  
l \ i R I T E  ( 6 7174) [ \1yT 
174  FORMAT( / 2 X 7  1OHTHERE N E i r t ,  I5,LIH 
\ ' IF= l_ 
i; C3 	 31-1 c.1 
1 7 6  	I\IF=O 
lll.1 1 7 9  J=2,NX1 
LIO 1-78 K = ~ , I \ I W  
1 7 8  K I ( J p K ) = O ,  
1 7 9  CUl\ITI WUf 
1 8 0  IF(I\~-I\ITIvI)3 0 ,  1857185 
l h 3  S - ~ O P  
, I: , I  
A i \ i I ) ,  F 7 . 5 9 2 1H  K A I I \ I Y  T I M E  I N T E R V A I - S  ) 
S \ l i 8 , k l~ \ J  W 7 ~ J i d ~ ~ A J ~ ~ ~ K A I N ~ F X 7 k Z ~ ~ d V lf l ~ \ l E  [ - ~ l r J t {  
C 	 LALC, i lLATES R E SISTAIYCE T E R M S  
u Il'lf l\lS I OI\1 C ( 20  
C OI'IIVTON C 7 VAB 7 R EC 
C 	 PK EFARATIONS 
G O  1 ' ~( 2 0 2 9 2 0 1 ) 9 N V  

201 V & B = S Q K T  ( UH:kUH+WH?kWH / H  

20% I F ( VAB-0,000001)  2 0 5 ? 2 0 5 y207 

zLJ5 FX=O, 

t Z = O ,  
GO T(3 2 3 0  
2 0 7  R E=VAB:i:H:::C ( 1 2  
C FRICTIOI ' i  
I F ( R E - R E C )  2 0 9 9 Z 0 9 1 2 1 0  
C FR=1./SQR1-(T-)=Ze:I:LI1(;(RE:I:SQKT( F )  )+.IF 
2 1 0  	FR=5,L 

DF=1, 

D O  2 1 5  1 ~ 1 1 1 5  

RR=FR:$( io,:;::;: ( FR+,5-e2) ) 
IF(ABS(RR-RE)-,5)216y216~211 

2 1 1  I F ( R R - R E ) 2 1 2 y 2 1 6 y Z 1 3  
212  FR=FR+DF 
GO 1-Ci 2 15 
2 1 3  FR=FR-DF 
2 1 5  DF=~F~ : , ! J  
2 1 6  F = C ( l h ) / ( f K : : : F K )  
GO T O  2 2 0  
2 0 9  F = C ( 1 5 ) / R E  
C  APPAREIvT RESISTlriVCE C U t F F I C I E N T  
2 2 0  FR=RAIN:::C ( 11 / H  
C 	 TOGETHER 
F V = ( F a F R ) * \ l A B / F  
FX=FV+UH 
FZ=FV:::WH 

2 3 0  RETIJRti 

E hiLI  

DUE TO R A I N D R O P  I M P A C T  

SUBROUTIi 'di B E G I N  ( K I  1 P 9 A y N X t N X 1 1 N X 2 ~ N X 3 9 N ~ 7 N W 1 9 N W P 7 l \ J W i ~ i 9 N B M y N 0 U T ~ l ~ l C  
43 
1 9  D T ? C'I B C T R p l U " l  K ~ I \ J T ~ v I ,  	 i:ltIIP)1\17 i\lF9I\1S~v'IT;iY7 UC 9 Y C 9  YLI1IT[JY I t 1 \ 1 t ! 9  

R E A L I S  E X P E R II"IEI\\I fAL AND C U M P U T A T I O I V A L  C O I \ J D I T I O I \ I S  

L U I Y P U T E S  P A i < A M E T f R S  AIVD C O N S T A N T S  

U I p ~ E h i S I O NR I  ( 8 3 9 4 3 )r P ( 7 )  r A 4 7 )  y C ( 2 0 )  

C OIvIMU1'\) C 7 V A B 7 K EC 

UATA 
 ?# 2;: 
DX I S  D I M E N S I U t d L E S S  G R I U  I N T E R V A L  DZ=DX 1 
D T  I S  DI IJ~EF\ISIONLESS T I /VIE I N T E R V A L  1 
T R  I S  R A I I v F 4 L L  CIURBT'TC~I\I SEC 
Y L O  I S  LTjWtSl- r ~ A 1 " t R i,ElJTb' FUR IrJHICH V E L O C I T Y  I S  CQt \aS%DERED 
N I S  S T A R T I N G  T I P I E  OF C U ~ V I P U T A T I O ~ V S  
Ttv~ I S  T E R P I I N A T I O N  T I M E  OF THE HYDKOGRAPH S EC 
U Y I  I S  I N I T I A L  D I S C H A R G E  1 
P E C  I S  C R I T I C A L  REYNOLDS NUMBER 
F I s  FL9 F1- A R E  E P I P I R I C A L  C O E F F I C I E N T S  
R E A D ( 5 p l ) D X p D T r T R t T ~ \ / I r F It F L 9 F T p U Y I p [ ~ I y K E C t Y L 0  
1 	FC lKMAT(4F12 ,3e3F10 ,3 /F10B)8~ 1 5 9 F 8 n 1 9 F l O a 5 )  

A ( 1 )  I S  W A T E R S H E D  L E N G T H  

A ( 2  I S  CATCHib'lEIVT W I D T H  

A ( 2 )  I S  W A T E R S H E D  W I D T H  

A ( 3 )  I S  iVIAII\J S L O P E  ANGLE 

A ( 4 )  I S  L A T E R A L  S L O P E  A I \ i G L f  

A ( 5 )  I S  R A I I \ J F A L L  I N T f r ' d S I T Y  

A ( 6 )  IS K A I I x 4 ~ j R O P  V E L O C I T Y  

A ( 7 )  I S  O U T L E T  W I D T H  

R E A D ( S p Z ) ( A ( I ) y I = l r 7 )  

2 F O R M A T ( 7 F l 0 , 4 )  
C P A R A M E T E R S  A N D  7 1 PIE S A V I N G  C O N S T A N T S  
~ ~ D ~ , C A D - ~ ( ~ ~ , S I N ~ A ( ~ )  ) + + 2 j; + + C ~ - S I I \ J ( A ( ~ )
r ~ r x r ~ W I I I 
P(!)=PfRP/(2,4:CgS(A(3))) 

P ( S ) = S I I \ I ( A ( 4 )  ) / S I 1 \ 1 ( A ( 3 1  

P ( h ) = A ( 7 ) / A ( 2 )  

P ( ' I ) = (  ( A ( T ) : : : P E R P / i 3 6 0 0 , ~ ~ ~ 1 2 , ) ) : 1 : : 1 :2 ) / (A ( f  ) + 3 2 . 2 * C U S ( A ( 3 )  1 )  

v C = A ( ~ ) ; F ( P ( ~ ) / ( P ( ~ ) $ : P ( ~ ) ) 
) * ' 8 i I e / 3 e )  

U C = A  ( 5 ):kPERP:%A ( 1 ) / (YC:::P ( 6 1 + 3 6 0 0 a : k 1 2 8 1  1 

P ( Z ) = A ( l ) : $ T A W ( A ( 3 )  ) / Y C  

P ( 3 ) = P ( Z ) a : : P ( 5 )  

P ( 4 ) = A ( 1 ) / ( 8 , : g Y C ) '  

L ) = D l - / O X  

C ( l ) = A ( 6 ) : i : S I W ( A ( 3 )  ) / U C  

C ( 2 ) = c ( l ) s : : P ( 5 )  

C ( 3 ) = U / 4 e .  

C ( 4 ) = D / 2 ,  

C ( S ) = P ! 3 4  

C ( 6 ) = C ( 2 )  

C ( 7 1 = A ( l ) W I T / U C  

C ( ~ ) = O , ~ Z ~ : : : D X J : : S I N ( A ( ~ ) + A ( ~ )  

C ( 9 ) = A  ( 1) *DX:;:UC:;:YC 

C ( 1 0 )=YC4:12,  
C(ll)=(A(6)'~UC/(3Za2+A(I)
) ) * F I  

C I12~ = U C ~ ~ ~ Y C / 0 , 0 0 0 0 1 2 1  

C ( 1 3 ) = D T / 2 ,  

C 1 1 4 ) = Z e : : = C ( 1 )  

C  ( 1 5 )  -24,:;:FL 

C ( 1 6 ) = F T  

C ( 1 7 ) = 2 , / A L U G ( 1 0 e )  

:;:;$ 
2 1HC 92 ( / 2 X  p 9 t 1 2 e 4 )  1 
.I, .I- .I* .I, 	 .I, 
c 	 i ; K  I L I  C ( ~ l U S 1 - A h l - r S  a,.* ,.,. 3,. 
C h l X = l  , / 0 X  
N X = C N X + 3 , 0 0 1  
C N Z = A ( 2 ) / ( A ( 1 ) a ; : D X )  
~ z = ~ / \ l z + ~ B O O 1  
C 	 A UTl\nl OF GRID P O I I \ I T S  SIJP&LI~.JIIL)S T H C  \ I !ATEKSHEI)  
CI\JH=A ( 7 1 / ( A ( 1):::ilX 
l ~ l B = C I \ l ~ /2 ,  
l\l x 1= I'\lX- 1 

1\1 X 2 = l\l X -2 

\\I X 3= T\J X -3 

I \ I Z ~ = N Z - ~  

I\IC=~\JZI / z + 1  

/\I I3 1'41=NC--lq B 

I \JBP=~IC+I \ IR 

CTK='rR:t :UC/ ( k ( 1) ::COT 1 

t \ I T R = C T R  

CTI~I=TI~I:::UC/ ( A ( 1 :LIT 

r\J T ["I=C T PI 

(\!F=-1 

1 ? 1 R I T k ( h 911) I \ J X s N Z y I ~ C 9 ~ V B 9 ~ \ 1 T R ~ I \ 1 T M  
11 FORiylA-I- ( 7 X  p2HIVX95 X  ? 2 H i \ r Z  5 X  ,2HIVC 5 X  2HlvB , 4 X  3H1d1-K , 4 X 7  3 H N T I v \ / 2 X  9617 173 
4: : :*:;C 	 R A I I t . I F A L L  U I S T R I H U T I O N  
C 	 FOR U S T f AUY I J I \ I I ~ O X I " I  K A I I V F A L L  
l\l W = [\I 	 C 
IVW I=RiW-? 
r\lwP= ~ I L ~ I+1 

00 1 5  J = Z r N X L  

013 14- K = 2 y E \ I W  

1 4  	R I ( J 9 1 O = P ( 6 )
1 5  C OfilT I 
NSjV l - rRY=L 
/\IOIJI- =11B P-I\I s IVI TK Y ~a 
W R I T E ( 6 y 1 6 )  
16  FORPlA1- ( / / 2 1 H  S Y F I M E T K I C A L  CASE// 
RETURI \ I  
END 
S U B R O U T I N E  O U T P R ( Y ~ U Y r W Y r V A 9 N T Y P E p N P U 9 N X 1 7 I \ I W ~ T I I v ~ E 9 U C r Y C )  
C P R  I N T S  F L O P /  P R O F  I L E  
D I P l E N S I O i ' \ i  Y ( 3 7 8 3 r 4 3 ) p U Y ( 3 p 8 3 1 4 3 ) 9 W Y ( 3 9 8 3 7 4 3 ) 9 V A ( 8 3 9 4 3 ) r B ( 4 3 ) 9 C ( 2 0 )  
COMIVlON C 9 V A R y R E C  
101 F O R I " I A T ( ~ X ~ ~ ~ F ~ O ~ ~ / ~ X ~ ~ O F ~ O ~ ~ )  
1 0 2  F O R I V I A ~ - ( Z X ~1 1 F 1 0 , 2 / 7 X ~  1 0 F 1 0 9 8 2 )  
C FORIJIA-I- S U F F I C E S  F O R  U P T O  2 1  P O I N T S  P E R  Z L I N E  
1 0 8  	I \ ITYPE=O 

N PLJ = r\l Pu+I 

I F ( N P U , L T 1 2 ) G 0  T O  157 

1 5 0  	b IPU=O 
45 
00 1 5 5  J .=ZTNXl  

UO 1 5 4  K=2,lVW 

-
154 W W I T E ( ~ ~ ~ ~ ~ ) Y ( ~ ~ J J K ~ ~ U Y ~ ~ ~ J ~ K ) ~ W ~ V ~ ~ ~ J ~ K )  
- 1 5 5  CONTINUE 
156 FORi'vlA-I- ( 3 F 1 5 , 1 0  1 
157  W ~ I P E ( 6 ~ 1 l O ) T I M f  
110 FORIViAT(1H1/ /1SWcs7HAT T I M E 9 F % 0 . 5 p 2 3 1 H  DHMENSION'bESS .DEPTH/ )  
DO 111 J=27IiiXl. 
18- 1 1 1  	W R I T E ( 6 8 1 0 E )  ( Y  ( ~ Q J Q K )9 =27IjIIrdI 
W R I T E ( 6 q 1 E 4 ) T I l ' I E  
114 F O R M A T ( 1 H 1 / / 1 5 X ~ 7 H A T  T I I ' ~ i E r F 1 0 , 5 ~ 3 0 H  D I M E N S I O N L E S S  MAIIV D I ' S C H A R G E /  
1 )  
00  1 1 5  J = Z , N X l  
115 W R I T E ( 6 9 1 0 P ) ( U Y ( 2 r J I K ) r K = 2 , N W )  
WRITE ( h y 1 1 8 ) T I P ' 1 E  
1'6.8 F O R f V i A I - ( 1 H 1 / / 1 5 X r 7 H A T  T I i dE tF I .O .5y32H D I M E N S I O N L E S S  LATERAL UISCHKG 
I E / )  
DO 1 1 9  J=29 lVX1  
119 W R I T E ( ~ ~ ~ O ~ ) ( W Y ( ~ ~ J Y K ) ~ K = ~ ~ N W )  
W R I T E ( 6 y 1 2 2 ) T I M E  
1 2 2  	F Q R M A T ( l H 1 / / 1 5 X y 7 H A T  T I M E 9 F 1 0 e 5 9 2 7 H  ' A B S O L U T E  V E L O C I T Y ,  F T / S E C / )  
00  124  Jz.2 YlVXl 
0 0  1 2 3  K=Zyi lW 
1 2 3  B ( K ) = V A ( J , K ) : Z U C  

1 2 4  W R I T E f 6 T 1 0 1 ) ( B ( K ) r K = 2 t l \ l W )  

W K I T E ( 6 , 1 2 6 ) T I M E  

1 2 6  F C ~ K I ' V I A T ( J , H ~ / / P ~ X ~ ~ H A T 
TIE\ / IEyF10m5922H1 STWEAMLIIVE U I R E C T I O N # )  
00  1 3 0  J=291VX1. 
DO 1 2 9  K=2rNW 
I F ( A B S ( U Y ( 2 r J y K )  ) - O e O O O 0 0 0 1 )  1 2 7 p 1 2 7 9 1 2 8  
1 2 7  	B ( K ) = S I G N ( 9 0 , y W V ( 2 r J t K l l  
GO T O  1 2 9  

1 2 8  B ( K ) = 5 7 , 2 9 5 7 8 ~ ~ : A T A N ~ W Y r ( 2 7 J 7 K ) / U Y ( 2 7 J B K ) 1  

129 CONVIIUIIE 

1 3 0  W R I T E ( 6 9 1 0 2 ) ( B ( K ) 9 K = 2 e N W )  

W R I T E ( 6 9 1 3 3 ) T I M E  
1 3 3  F U R / v i A T ( 1 H 1 / / 1 5 X e 7 H A T  T I M E ~ F 1 0 . 5 9 1 . 5 ~  FROUDE NUMBER/ )  

D O  1 3 5 .  J = 2 y l \ J X 1  ' 

00  1 3 4  K=2?NW , 

1 3 4  B ( K ) = V A ( J t K ) / S Q R T ( Y ( 2 t J 9 K ) l  

1 3 5  W R T T E ( 6 ~ 1 0 1 ) ( B ( K ) r K = t : 2 P I U W ~  

WRITE ( 6 p 1 3 8 ) T I F i E  

1 3 8  	F O R l \ / l A T ( l H 1 / / 1 5 X p 7 H A T  T I t ' * i E p F 1 O e 5 p 1 8 H  R E A L  DE-PTW ( I N , ) / )  

D O  1 4 0  J = 2 ? l V X 1  

DO 1 3 9  K=29 i lW 

139  E 3 ( K ) = y ( 2 t J I K ) * C ( 1 0 )  

1 4 0  W R I T E ( 6 y 1 0 1 ) ( B ( K ) p K = 2 9 N W )  

WRITE ( 6 i l 4 l ) T l ~ ~  

141 	F O R M A T ( 1 H 1 / / 1 S X B 7 H A T  T l [ F l E p F 1 0 ~ 5 ~ 1 7 H  REYNOLDS N U M B E R / ) .  

DO 143 J = Z r l \ l X l  

130 1 4 2  K=Zyl ' \ lW 

1 4 2  B ( K ) = V A ( J T K ) $ : Y ( Z y J t K ) * C ( l 2 )  

1 4 3  W R I T E . ( 6 y 1 0 2 ) ( B ( K ) y K = 2 ~ N w )  

s 
 1 6 8  W R I i E * ( 6 7 1 6 9 )  

1 6 9  F O R M A T ( l H 1 )  

R ETUKIiI 

/ / fX E C  InlATFIIR 
/ / S Y S I N  00 +: 
$JUB 
G I J I \ I I FCIRIVI U I V S T E A L I Y  FLOW , IlvlPL I C I T SCHEIv\E 
C PROGKAI'J'IVIEU B Y  A R  I E  B E I V - Z V I  
D I I v IE I \ )S IO I \ I  A ( 7 )  ? P 1 7 ) ? R (  9 - 0 )  
C A AND p H A V E  T H E  SAIVIE ~ ~ I E A P J I I \ I G S  A S  I l \ l  T H E  TWO U I l v ~ E I \ I S I O N A L  PRC3C;RAIYl 
K E A U I 5 ~ 2 ) ( A ( I ) ~ I = 1 ~ 7 )  
2 	 F O K I V I A T ( ? F ~ O , ~ )  

PEKP=S(; ,RT ( 1, -S I I \ I (  A ( 3 1 ) ::::::2-S 11'4 ( A  ( 4 ) ):1::$2) 

P ( l ) = P E K P / ( 2 , : k C U S ( A ( 3 ) ) )  

P ( 5 ) = S I i \ l f A ( 4 )  ) / S I l V ( A ( 3 ) )  

P ( 6 ) = A ( ? ) / A ( 2 )  

P ( 7 j = ( ( A ( 5 ) ' i : P E R P / ( 3 6 0 0 e 4 : : 1 2 0 1 )  ) : : c * ~ ) / ( A (  1 ) 4 ~ 3 2 @ 2 ' 1 ' C O S ( A ( 3 ) )   

Y C = A ( 1 ) 2 i : ( P ( 7 ) / ( P ( 6 ) : : : P ( 6 )  1 ) : : :*(1@/3e+) 

UC=A(5 ) : $PERP: : :A (  1)/(YC:::P(h):%3600e:I :12B) 

P ( ~ ) = A ( L ) > : : T A N ( A ( ~ ) 
) / K  
? ( 3 ) = P ( 2 ) : : : P ( 5 )  

P ( 4 ) = , 4 ( 1 ) / ( 8 , : ; : Y C )  

~ / J R I ' l - t ( h y b )( A ( 1 )  7 1 = 1 r 7 ) I p ( P ( I )  y f = l r ? )  

6 	 F C I R I " I A T ( / ~ ~ X ~ ~ H A / ~ X ~ ~ F P . ~ ~ ~ / ~ ~ X ~ ~ H P / ~ X ~ ~ E ~ ~ ~ ~ )  
U T = 0 , 0 0 1  
B ( 9 )=UC:kYC:I:DT:I:P( 6 ) / 0 , 0 0 0 0 1 2 1  
B ( 7 )=P( 2 ):::!IT 
B ( 1 0 ) = 3 . : : : A ( l ) /  ( H ( 9 ) : I : Y G : x P ( 6 )  1 
B ( 6 ) = A ( 6 ) : I : S ( 3 K P ( l e + P ( 5 ) : k P ( 5 )  ) / ( 8 , : c P ( 6 ) * U C : I c D T )  
V = A (  cj):;:SII\.i( A t  3 ) 1 /UC 

K E k i ,  (5,l) l u R l i ~ \ J S  

F U ~ I Y I ~ ~( 6 X , 1 3 )  

00  4-26 NR=l ,pdR(jl\JS 

K f A D ( 5 p ? 5 ) C K Z r C K 1  

75  	F O R P I A T (  2 F 1 0 e 2  

W R I T E ( ~ ~ ~ O O ) C K Z ~ C K ~  

400 F O R P I A T (  1 H l  15Xr21HRAI I \ IDRCIP  C O E F F I C I E 1 ' d T  F 6 . Z 1  20H L A M I N A R  C O E F F I C I E 
1 I \ I T ~ F h ~ 2 / 1 3 X r 4 H T I i " l E r 6 X ~ 1 H U ~ 1 4 X ~ l H Y ~ l 4 X ~ 2 H F R ~ 1 4 X t 2 H X P t l O X ~ 2 H X ~ v ~ ~ l O X ~  
2 2 H R E )  
R ( 5 ) = 8 ( 1 0 ) : $ C K l  

B ( 8 ) = 8 ( 6 ) : i : C K 2  

X P = O - 

XI"!F 1e 

uIVI=o, 
DO 	 4 2 0  I = l p 6 0 0  
C I = I  

C I M = C I - e 5  

B ( 1 ) = 1 , + (  , 5 2 i : B ( 5 ) / C I M + 1 Q ) / C I I \ , I  

0 ( 2 ) =B ( 8 ) / ( C  1I"l:::CII") 

B ( 3 ) = B ( 7 ) + V / C I M  

( J I = ( 2 s ~ ~ : S ( J ~ T ( B ( 1 ) ~ : B ( 1 ) + B ( 2 ) ~ : ( 2 0 * U P l + B 1 3 )  	 ) / B ( 2 )) - B ( Z ) * U M - Z r * B ( l )  

Y=C  1:i:oT:kP ( 6 )  

R Y = S Q K T  ( C IIVI:+UT;kP ( 6 ) 

u4=,5::: ( UI+Ui"l ) 

F R = I J A / R Y  

R E = H  (9) :::UA:::C IlVI 

X P = X P + (  U A + R Y  )::COT 

XIVI=XIY+ I U A - R Y  ) :::LIT 

I F ( X M - 1 ,  ) 4 1 0 , 4 1 O p 4 0 9  

47 

409 X M = l ,  . 
410 W R I T E ( 6 ~ 4 1 1 ) I y U I y Y p F R P X P ~ X M ~ R E  
411 F O R M A T ( 5 X I P 1 2 1 3 f 1 5 , 5 J 3 F 1 2 s 5 )  
420 CJIdI=IJ I 
m6 C O N T I N U E  
S T O P  

END 

